Atropine and glycopyrronium are frequently used for premedication to reduce oral and respiratory secretions and prevent bradycardia. Glycopyrronium is said to have similar antisialagogue effects, but is less likely to cause significant tachycardia than atropine. Different antimuscarinic receptor selectivity patterns could explain the differences. The aim of this investigation was to determine the possible selectivity of glycopyrronium for M 2 and M 3 muscarinic receptor subtypes. Block of M 2 and M 3 subtypes appears to mediate increased heart frequency (M 2 block) and inhibition of salivation and bronchial secretion (M 3 block) produced by the antimuscarinic drugs atropine and glycopyrronium [11, 12] . Both antimuscarinic drugs are used widely as perioperative medication to prevent cardiac arrhythmia and bradycardia [13] [14] [15] [16] , and to inhibit salivation and excessive respiratory tract secretions [17] [18] [19] [20] [21] . When glycopyrronium and atropine antisialagogic activity are comparable, glycopyrronium is thought to cause less tachycardia while simultaneously blocking bradyarrhythmias more effectively [22] [23] [24] [25] [26] than atropine. This suggests that glycopyrronium may show different affinities for the M 2 and M 3 muscarinic receptor subtypes. The purpose of this study was therefore to use receptor binding methods to analyse the affinity and selectivity of glycopyrronium for M 2 and M 3 muscarinic receptor subtypes obtained from rat ventricle and submandibular gland, respectively. These results were compared with the findings obtained with atropine, a classic non-selective antimuscarinic compound, and the selective antimuscarinic drugs pirenzepine as an M, antagonist, otenzepad as an M 2 selective muscarinic antagonist, and the M 3 selective antimuscarinic drug HHSiD.
Reversible antagonism by anticholinergic drugs of acetylcholine binding to muscarinic receptors leads to a wide range of peripheral and central effects [1, 2] . Molecular cloning studies have shown that muscarinic receptors comprise a family of five related genes, designated m,-m 5 [3] [4] [5] [6] , although only four different pharmacologically identifiable subtypes of muscarinic receptor have been proposed: M, (neuronal tissue), M 2 (heart tissue), M 3 (exocrine glands) and M 4 (NG108-15 cells and rabbit lung). This classification is currently denned on the basis of actions in functional and binding experiments of several selective antagonists such as pirenzepine for the M, subtype, otenzepad for the M 2 subtype and hexahydrosiladiphenidol (HHSiD) for the M 3 subtype. The rank order of competition of these ligands has been established for the M 2 receptor as: atropine ^> 4-diphenylacetoxy-iV-methylpiperidine(4-DAMP) > otenzepad ^> HHSiD P pirenzepine, and for the M 3 receptor as: atropine > 4-DAMP ^> HHSiD ^> pirenzepine ^> otenzepad [7] [8] [9] [10] .
Block of M 2 and M 3 subtypes appears to mediate increased heart frequency (M 2 block) and inhibition of salivation and bronchial secretion (M 3 block) produced by the antimuscarinic drugs atropine and glycopyrronium [11, 12] . Both antimuscarinic drugs are used widely as perioperative medication to prevent cardiac arrhythmia and bradycardia [13] [14] [15] [16] , and to inhibit salivation and excessive respiratory tract secretions [17] [18] [19] [20] [21] . When glycopyrronium and atropine antisialagogic activity are comparable, glycopyrronium is thought to cause less tachycardia while simultaneously blocking bradyarrhythmias more effectively [22] [23] [24] [25] [26] than atropine. This suggests that glycopyrronium may show different affinities for the M 2 and M 3 muscarinic receptor subtypes. The purpose of this study was therefore to use receptor binding methods to analyse the affinity and selectivity of glycopyrronium for M 2 and M 3 muscarinic receptor subtypes obtained from rat ventricle and submandibular gland, respectively. These results were compared with the findings obtained with atropine, a classic non-selective antimuscarinic compound, and the selective antimuscarinic drugs pirenzepine as an M, antagonist, otenzepad as an M 2 selective muscarinic antagonist, and the M 3 selective antimuscarinic drug HHSiD.
Materials and methods
Experimental animals were handled throughout in accordance with the Guiding Principles in the Care and Use of Animals, as approved by the American Physiological Society-After institutional approval by our Animal Care Committee, 55 male Wistar rats, weighing 250-300 g (Biocenter, Barcelona), were killed by cervical dislocation. The ventricles and both submandibular glands were removed. The tissues were cleaned and homogenized at 1:250 (w/v) (ventricle) or at 1:150 (w/v) (submandibular gland) with a mixer (Ultra-Turrax) at the 70% power setting for 30 ). The homogenates were filtered through four layers of buffer-soaked cheesecloth. The protein concentration of the crude homogenate obtained was determined by the method of Lowry and colleagues [27] . The final protein concentration was adjusted with buffer to 2 mg ml" 1 (ventricle) or 2.5 mg ml" 1 (submandibular gland). All binding assays were performed in triplicate with [ Incubation volumes for all bindings assays were 1 ml. The reaction was started by adding tissue homogenate, and was allowed to proceed for 45 min at 30 °C in a water bath [28] [29] [30] . Preliminary kinetic experiments indicated that this incubation time was sufficient to reach equilibrium at the [ 3 H]-NMS concentration used in these studies. The reaction was stopped by adding 4 ml of ice-cold Tris-HCl buffer 20 mmol litre" 1 pH 7.4. The contents of the tubes were filtered immediately through Whatman 24-mm GF/B niters under a vacuum in a Brandel Cell Harvester Filtration unit. The niters were washed twice with 4 ml of ice-cold Tris-HCl buffer. Non-specific binding was determined by parallel triplicate assays containing atropine sulphate 1.0 umol litre"
1 . This concentration was found to define non-specific binding in previous studies. Liquid scintillation counting of the filters was performed in 4 ml of Optiphase "Hisafe" 3 (LKB Wallac) using a LKB beta spectrometer with a counting efficiency of 60 %.
In saturation binding experiments, eight concentrations of [ 3 H]-NMS (from 0.01 to 6 nmol litre" 1 ) were incubated with the membranes at equilibrium. In competition binding experiments, a single concentration of the radioligand (0.4-0.6 nmol litre" 1 ) was incubated with the membranes in the presence or absence of competitors. At least 15 concentrations (ranging from 1000 times lower to 1000 times greater than the IC 50 value for the compound studied) were used for each compound studied.
All binding data were analysed with the iterative curve-fitting computer package Radlig [31] , which includes the program Ligand [32] . In competition binding experiments the IC 50 values were corrected to their respective Ki values using the Cheng-Prusoff approximation. All results are mean (SEM) of four to six experiments. 3 H]-NMS binding by the unlabelled drugs differed in the two tissues and were: glycopyrronium > atropine P otenzepad > HHSiD J> pirenzepine in the rat ventricle, and glycopyrronium > atropine g> HHSiD P pirenzepine > otenzepad in the rat submandibular gland. The inhibition concentration curves produced by all antagonists were steep and parallel, and the slopes, or Hill coefficients, of the Hill plots were close to unity for both the ventricle and submandibular gland, which indicated that the unlabelled antagonist and [ 3 H]-NMS, were bound to a homogeneous population of binding sites. Atropine, glycopyrronium and pirenzepine did not distinguish between the M 2 (ventricle) and the M 3 (submandibular gland) sites. Otenzepad and HHSiD showed at least 10-fold selectivity between the sites in the ventricle and submandibular gland (P < 0.01). Otenzepad binding was weaker at M 3 sites (submandibular gland), and HHSiD binding was weaker at M 2 sites (ventricle). In common with atropine and pirenzepine, glycopyrronium bound to a homogeneous population of muscarinic receptors in both ventricle (K, = 1.8892 (0.0496) nmol litre" 
Discussion
The aim of the present study was to determine the possible selectivity of glycopyrronium for M 2 and M 3 muscarinic receptor subtypes. In agreement with 551 studies in other rat tissues, [ 3 H]-NMS binding to rat ventricle and submandibular gland homogenates appeared to comprise a single population of binding sites. In addition, the Hill coefficients were close to unity. Affinity (K D ) and receptor density (Bmax) obtained in the rat ventricle and submandibular gland agreed with those reported previously [29, 33] .
In competition experiments, all compounds competitively inhibited the binding of the radioligand to the binding sites in both the ventricle and submandibular gland homogenates. The affinities (K { values) in both tissues were consistent with those of muscarinic receptors (table 1) . The rank orders of antimuscarinic displacement against [ 3 H]-NMS obtained in this study were in agreement with those given in earlier studies [8, 9] . In the rat ventricle, the rank order of affinity was glycopyrronium > atropine P otenzepad P HHSiD > pirenzepine, which was similar to that reported for the M 2 subtype. In the rat submandibular gland, the rank order of affinity was: glycopyrronium > atropine P HHSiD ^> pirenzepine > otenzepad, which was similar to that found for the M 3 subtype. As with atropine, competition binding experiments with glycopyrronium generated curves displaying Hill coefficients close to unity in both tissues (table 1) Glycopyrronium showed higher affinity than atropine (P < 0.01) for M 2 and M 3 muscarinic receptor subtypes in rat tissue homogenates (table 1) . The absence of selective binding of glycopyrronium to M 2 and M 3 muscarinic receptor subtypes in this study does not support a pharmacodynamic basis for the specific trophism or greater effect of this compound in preventing cardiac arrhythmias described elsewhere. However, radioligand binding experiments do not take into account all pharmacodynamic characteristics elicited by a compound and cannot predict "in vivo" selectively. In isolated organ experiments with rat atria and guineapig ileum, glycopyrronium showed lower affinity (apparent -log KB = 9.09) for the rat left atrium (M 2 subtype) and higher affinity (apparent -log KB = 10.31) for the guineapig ileum (M 3 subtype), indicating that glycopyrronium may discriminate between the two subtypes in these experimental assays [34] . These data are compatible with a previous description of several peculiar characteristics of glycopyrronium with respect to other anticholinergic drugs. For example, allosteric interaction may occur between this compound and binding sites present in cardiac membranes [35] , and glycopyrronium had the opposite effect with respect to atropine in rat phrenic nerve-diaphragm preparation, where glycopyrronium depressed neuromuscular transmission whereas atropine enhanced this process [36] .
We conclude that glycopyrronium has no selectivity for either M 2 or M 3 muscarinic receptor subtypes in radioligand binding experiments, and that it is not possible to explain the different pharmacological effects of glycopyrronium and atropine on the basis of their hypothetical selectivity patterns for muscarinic receptor subtypes.
